Background: The early stages of biological invasions are rarely observed, but can provide significant insight into the invasion process as well as the influence vectors have on invasion success or failure.
Introduction
The prediction and prevention of biological invasions is an evolving field, but significant gaps still hinder our understanding of events during the early stages of invasions, a crucial point where many would-be invasions fail [1] [2] [3] . Early invasion stages are rarely documented because most invasions are discovered only when they have become abundant enough to be conspicuous to the casual observer [4, 5] . Such introductions may go unnoticed for years to decades, and often little or no historical information exists regarding their initial arrival, establishment and spread [4, 6] . In addition, many newly introduced populations simply fail to establish self-sustaining populations and are never documented [7, 8] . Consequently, we lack robust information on the early stages of most introductions, whether successful or not, even though they may provide essential information on the vectors transporting the species as well as the invasion process itself.
In marine systems, past studies have often compared the genetic structure of introduced to native populations at various time horizons after establishment. These analyses have been used to infer potential source populations, invasion histories, and vectors of introduction [9] [10] [11] ; see review in Geller et al. (2010) [12] . In addition, there has been considerable attention to shifts in genetic structure from native (source) to introduced (recipient) populations. Recently introduced, self-sustaining populations of nonnative species are often observed to have significantly lower genetic diversity compared to their source populations, although recent evidence indicates that such bottlenecks may not be as common as would be theoretically expected, especially since introductions are not always single occurrence events but may be the result of multiple inoculations [10] .
We describe demographic and genetic characteristics for recently detected populations of the marine snail Littorina littorea (Linné, 1758) at multiple locations in California, USA. As outlined here, these populations are at a very early stage of the invasion process and do not yet appear to be established. Thus, this is a useful model system for characterizing early-stage invasions; specifically, our study examined possible source location(s), timing of introduction(s), putative vector(s), and genetic structure across native and introduced populations. Finally, we assessed the likelihood of L. littorea eventually establishing self-sustaining populations along the North American West Coast.
Materials and Methods

Study system: Littorina littorea
The common European Atlantic periwinkle Littorina littorea is an omnivorous, grazing intertidal gastropod that was accidentally introduced to the North American East Coast within the last few centuries [11, [13] [14] [15] , where it is now extraordinarily abundant on New England rocky shores [15, 16] . L. littorea has been shown to fundamentally change North Atlantic intertidal ecosystems via grazing activities, altering the distribution and abundance of algae on rocky shores and converting soft-sediment habitats to hard substrates [17, 18] , as well as competitively displacing some native species [19, 20] . L. littorea is oviparous, reproducing annually with internal fertilization of egg capsules that are then shed directly into the sea, leading to a planktotrophic larval development time of four to seven weeks [13, 21, 22] .
On the West Coast of North America, singletons or small numbers of L. littorea have occasionally been reported over the past seventy years, mostly from California, but no established populations have ever been recorded [23, 24] (Table 1) . We report here on three larger populations recently discovered in San Francisco Bay (2002, 2007) and Anaheim Bay (2002) . littorea that has successfully invaded San Francisco Bay. As L. saxatilis individuals inhabit generally similar habitat, have broadly similar morphology, and span the same range of sizes as L. littorea, albeit with a smaller maximum adult size, this survey was likely to detect L. littorea of any size at a given site. At each site, a presenceabsence survey was conducted using teams of 1 to 3 people surveying an area for at least 30 minutes. Sites were chosen according to several criteria, including presence of habitat types known to support Littorina spp. [13] and proximity to fishing piers and other sources of discarded algal packing material (the putative vector for L. saxatilis ' West Coast introduction [25] ), such as seafood restaurants. Surveys were generally conducted at tides below +1 ft mean lower low water, systematically covering the entire intertidal zone between mean high water and the water line and typically covering an area measuring 30 to 50 meters alongshore. Any L. littorea encountered during surveys were removed.
Demographic surveys and sampling
Significant [11] , which included 30 European sites (n = 299), ranging from Norway to Spain, and 29 East Coast sites (n = 245), ranging from Labrador to New Jersey (Appendices S1, S2). West Coast samples (n = 102) were collected according to the protocols described above from the three populations reported here in Anaheim Bay (n = 54) and San Francisco Bay (n = 48). Because many of the Ashby Spit specimens were heavily degraded and yielded sequences from just 5 individuals, they were combined with the Dumbarton sequences as a San Francisco Bay grouping in most analyses.
Littorina littorea were dissected and the foot tissue removed for DNA analyses. DNA was extracted using a standard CTAB protocol [26] . A 624 base-pair region of the cytochrome b (cyt b) mitochondrial gene was amplified using primers and protocols from Blakeslee et al. (2008) [15] . All sequences were run in both forward and reverse directions and aligned by eye to ensure haplotype identities were accurately assigned. Sequences were aligned using DNAStar (Lasergene, Madison, WI) and Sequencher 4.8 (Gene Codes Corporation, Ann Arbor, MI).
Molecular Statistical Analyses
Phylogenetic relationships were analyzed using PAUP 4.0 [27] , and haplotype identities and frequencies were determined using TCS 1.21 [28] . The haplotype network produced by TCS 1.21 was also used to develop a map showing the relative frequency of haplotypes in North American populations, where they were found, and the connections among haplotypes. Arlequin 3.0 [29] was used to analyze differentiation at the regional, site, and population levels (AMOVA test) and to explore pairwise differences in site-level haplotype frequencies (i.e., pairwise F ST ). We visualized pairwise F ST results using a multidimensional scaling (MDS) ordination to look for spatial patterns in genetic composition among populations in all three regions. We also used ANOSIM tests in Primer 6 [30] to analyze similarity patterns among regions. Both the MDS ordination and ANOSIM tests were also used to help determine likely source populations/ subregions for the West Coast introductions.
Because observed haplotype diversity is affected by sampling effort, we used rarefaction techniques to estimate the true haplotype diversity in each region [15] . Accumulation and estimator curves were calculated using ESTIMATES 8.0 [31] . ESTIMATES uses Monte Carlo re-sampling (through randomization of sample order over many replicates; n = 500 here) to determine the mean accumulation of haplotypes (Sobs) as samples are added over the full data set. We used the Chao2 estimator to predict the eventual asymptote of haplotype diversity for each region [15] . We also used Monte Carlo re-sampling (in ESTIMATES) to standardize samples at the site level at the lowest common individual sampling value (n = 10) to make unbiased comparisons across sites and regions. In several instances, we pooled data from nearby sites to achieve a sampling effort of at least 10 individuals. We used paired Student's t-tests to compare haplotype diversity between regions.
As in-depth comparisons between Europe and the East Coast have been performed in prior studies [11, 14, 15, [32] [33] [34] , our analyses focused on comparisons between the West Coast and the other two regions with some analysis of Europe and the East Coast for comparative purposes only.
Results
Demographic surveys
Our intertidal surveys in San Francisco Bay found isolated L. littorea individuals along the Oakland shoreline as well as the larger population at Dumbarton Pier. The Ashby Spit population was discovered during work on an unrelated project in 2007 (C. Zabin, pers. comm.), but was not detected in our earlier surveys of that site ( Fig. 1) .
No live individuals were found in or near Anaheim Bay aside from the large population at Seal Beach. Military restrictions precluded an exhaustive search of the Bay, but nearly all inaccessible areas were in remote backwater regions far from places where live L. littorea and shells were found (Fig. 2) .
Although thousands of snails were collected in our extensive surveys, no evidence of successful recruitment was found. All L. littorea collected were adults of roughly 20 to 25 mm shell height (Fig. 3) , and all dissected individuals from these populations were found to be reproductively mature (i.e. clear evidence of mature gonads and reproductive structures). No newly settled young-ofthe-year individuals were ever collected despite the recent presence of large adult populations in both bays. The smallest individual found was at Seal Beach and measured 16 mm in shell height, representing a post-reproductive adult snail.
Molecular Analyses
Spatial distribution of haplotype diversity and source of West Coast populations. Genetic analyses of the more recently-collected West Coast populations demonstrated reduced haplotype diversity compared to the East Coast, but both populations were dwarfed by European haplotype diversity ( Fig. 4 ; Appendix S1). Among all regions, we observed a total of 131 haplotypes, but most were European, with only 25 haplotypes observed in North America (Fig. 4) , 15 of which were observed in the West Coast.
Of these 15 West Coast haplotypes, 13 were shared with the East Coast and 10 with Europe (Appendix S2). Excluding the two unshared Anaheim haplotypes, all West Coast haplotypes were shared with the East Coast, while none were shared solely with Europe (Fig. 4) . AMOVA analyses indicated no regional differentiation between the East and West Coasts (FCT = -0.00039; p = 0.41) as opposed to marginal differentiation between Europe and the West Coast (FCT = 0.02285; p = 0.09), indicating a closer connection between the East and West Coasts than between Europe and the West Coast. When pooling West Coast + East Coast haplotypes, 13 of 25 (52%) haplotypes are from the West Coast (Fig. 4) , while among the Europe + East Coast haplotype pool, only 25 of 129 (19.4%) haplotypes are from the East Coast (Appendix S2).
Our haplotype network and distribution map (Fig. 5) illustrates the many connections between the East and West Coasts, especially for frequently occurring haplotypes. L. littorea 's genetic structure appears quite homogeneous, especially on the East Coast, where haplotypes were shared among individuals from throughout the eastern range. This homogeneity made it challenging to determine potential source populations from the East Coast for the introduced West Coast populations even when explored across larger potential source areas (Canada, US North of Cape Cod, and South of Cape Cod). Relatively high genetic diversity is also clearly present on the West Coast (Fig. 5) .
On the whole, the Europe to East Coast comparison represents a significant loss of haplotype diversity (x 2 = 70.23, df = 1, p,0.0001), while the East Coast to West Coast comparison does not (x 2 = 2.50, df = 1, p = 0.11). Our rarefaction analyses indicate that all three regions are undersampled, but to different degrees (Fig. 6) . The West Coast estimator curve (WC Chao2) approaches an asymptote with the West Coast accumulation curve (WC Sobs), suggesting that few new haplotypes would be detected with additional sampling. The East Coast estimator curve (EC Chao2) appears at the beginning stages of asymptoting, while the European rarefaction curves indicate many more haplotypes would likely be found with further sampling. The similarity between the West Coast and East Coast curves contrasts with the marked separation between the East Coast and European rarefaction curves (Fig. 6 ).
East Coast source locations for the introduced West Coast
populations. Determining precise source locations within the East Coast for the West Coast populations was challenging due to Littorina littorea 's spatially homogeneous genetic structure on the East Coast (Table 2 , Fig. 5 ). An MDS plot based on pairwise F ST data ( Fig. 7) clearly demonstrates this lack of structure, with populations well spread out and a large degree of mixing among regions. The West Coast populations in particular are embedded among many different East Coast populations from Canada and the US, but spatially are not very close to any European populations. ANOSIM results corroborate these patterns: the East and West Coasts are very similar (R = 0.097, p = 0.308) while Europe and the West Coast show clear differences with little overlap (R = 0.452, p = 0.023).
Discussion
Our demographic, genetic, and historical evidence suggest that the largest populations of Littorina littorea recently found on the North American West Coast are comprised of direct transplants of adults rather than established, self-sustaining populations. Demographic data indicate that these populations were most likely introduced via the live seafood trade (see discussion below), while our genetic analyses suggest the North American East Coast as the most likely source region (Fig. 7) . Below, we discuss the demographic and genetic ''fingerprint'' of the West Coast L. littorea populations and its implications for understanding how, when, where, and why this failed invasion occurred. We then consider the larger implications of these West Coast populations for our understanding of invasion processes and vectors and their effect on the success or failure of new introductions.
What stage of invasion?
The demographic data we collected show no evidence of recent successful recruitment of Littorina littorea in the three larger West Coast populations, although many snails were in reproductive condition, suggesting that they represent a very recent introduction without establishment (Fig. 3) . If the observed populations were successfully reproducing and recruiting, a much broader range of size classes, including juveniles, should have been observed. For example, surveys in San Francisco Bay for L. saxatilis, an established congener also introduced from the East Coast, regularly turned up numerous specimens of all sizes of this smaller, morphologically distinct snail (Miller et al., unpublished ). It appears likely that all sampled West Coast L. littorea individuals were actually East Coast snails that were transported to the West Coast, released, and subsequently removed during our collections. Because L. littorea can live at least 3 to 4 years [35] , it is possible that some individuals had been in the system a few years prior to collection.
The absence of a clear genetic bottleneck
Genetic bottlenecks, commonly observed when comparing recent introductions to source populations [36] , were present in East Coast populations when compared to Europe (Appendix S2), but surprisingly, there was little evidence of bottlenecks in the West Coast populations compared to their putative East Coast source region (Figs. 4, 5) . This result could be partly due to the apparent lack of self-recruitment in West Coast L. littorea populations revealed in our demographic analyses (Fig. 3) , which obviates the possibility of post-establishment drift, selection, and other processes that often affect the genetic makeup of introduced populations [10, 12] . High levels of propagule pressure could also lessen or eliminate genetic bottlenecks, as discussed below. . From this diagram it is clear that EUR has a vast amount of unique diversity (and overall diversity); that the WC is a large subset of the EC diversity; and that there is no direct connection between the WC and EUR given that there are no haplotypes just shared between the two regions. doi:10.1371/journal.pone.0016035.g004
Interestingly, our results contrast sharply with genetic diversity patterns of the European green crab, Carcinus maenas, which has a similar invasion history to L. littorea in North America [37, 38] . Both species appeared on the East Coast in the 1800s, possibly as accidental introductions from Europe in rock ballast [11, 39] , and both display clear genetic bottlenecks on the East Coast compared to their native European ranges. However, in contrast to L. littorea, C. maenas has established self-sustaining populations on the West Coast and exhibits reduced genetic diversity there compared to the East Coast [40] .
Diversity and invasion history
Without reproduction, any genetic differences between the recipient population and putative source populations must have been imposed by the vector(s) transporting the species to the recipient area or caused by differential survival following arrival. Any vector transporting non-native species essentially takes a sample of the available source regions' genetic diversity and transports it to the recipient region. Pre-establishment factors that can influence an invading species' population genetics include the number of introduction events, the number of invaders per event, and the effective size of the founding population(s) [10] .
Due to the lack of a clear genetic bottleneck, West Coast Littorina littorea appeared to display signatures of a 'genetic paradox,' a term labeling cases where typical founder effects can be countered by additional diversity brought in through large founding or multiple introduction events [10, 41] . Although West Coast L. littorea populations do not appear established, the relatively high genetic diversity we observed could still have resulted from multiple inoculation events transporting a variety of haplotypes, possibly from different regions.
High genetic diversity at small spatial scales within the source region could also result in the transplantation of a substantial amount of diversity even from one or a few introduction events. East Coast haplotype diversity was relatively high (Table 2) across populations (though still significantly lower than Europe), suggesting that East Coast populations are comprised of many different haplotypes represented across the region (Figs. 5, 7 ; Appendix S1). It is therefore challenging to determine whether the West Coast populations resulted from a few or multiple inoculation events, though the latter seems the most likely scenario given that the probable vector is still operating (see below) and that the introduced populations of the species occur in multiple, widely spaced populations (i.e., San Francisco Bay and Anaheim Bay, which are hundreds of kilometers apart).
How did Littorina littorea arrive on the West Coast?
While several vectors may have transported Littorina littorea to the West Coast, we suggest that the live seafood trade is likely responsible for the populations described here. Live adult snails are collected on the East Coast, particularly in New England, shipped to the West Coast, and sold in seafood markets (J. Carlton, pers. comm.). While snails may have been collected in Europe and shipped to the West Coast, this seems economically infeasible, and our genetic analyses show that West Coast populations were more closely aligned with the East Coast than Europe (Fig. 7) . Because larger snails are more marketable, whether for food or bait, this vector necessarily excludes juvenile snails and thus seems a good candidate for producing the observed size-frequency distributions of the three large populations (Fig. 3) . Informal surveys of Asian markets around the San Francisco Bay region revealed numerous stores selling adult L. littorea, often in 1-lb bags marked as ''live sea snails'' (A. Chang, pers. obs.) All three populations reported here were discovered in popular, easily accessible locations within 10 km of numerous seafood markets and bait shops. There are several ways in which L. littorea might have been taken from the market and released into the wild, including disposal of unwanted snails originally intended for consumption or use as bait, or an intentional attempt to start a local fishery. Another possibility is fangsheng, also known as ''releasing life'' or ''prayeranimal-release,'' in which live animals are purchased from a market and released in accordance with a religious belief that one can accrue merits by releasing captive animals into the wild [42, 43] . In accordance with the belief in saving animal lives that drives this practice, the released animals can include snails and insects as well as ''charismatic'' animals such as birds, turtles, and fish [43, 44] .
Consideration of demographic, genetic, and historical data rules out other potential vectors for transporting Littorina littorea to the West Coast. Although Eastern oyster (Crassostrea virginica) transplants were historically a major vector delivering numerous estuarine and marine species from the East Coast to the West Coast, this vector has been largely inactive since the early 1900s [45] . Given the level of sampling effort over the years, combined with the observed spatial extent and demographic data (size structure), it is improbable that established L. littorea populations would remain undiscovered for so long.
Ballast water is an unlikely vector for transporting Littorina littorea to the West Coast from either the East Coast or Europe because vessels arriving to the US West Coast primarily come from Asia (where L. littorea is absent), rather than the Atlantic [46] . One or a few individuals could have been introduced via ballast water from the East Coast or Europe and grown to adult size before being discovered. However, it is highly improbable that significant numbers of L. littorea larvae would be taken up by ship ballasting operations in the source region, transported to San Francisco and Anaheim Bays, survive, metamorphose, and settle only in the small (50-100 m) stretches of shoreline where we observed them.
Another improbable vector for the three large Littorina littorea populations in California is transport in algal packaging materials. The Atlantic alga Ascophyllum nodosum is frequently used as packaging material for baitworm and lobster shipments from New England to various domestic and international locations [47] .
Ascophyllum itself has occasionally been introduced to California, and several species frequently found in baitworm shipments, including Carcinus maenas and L. saxatilis, may have been introduced to the San Francisco Bay region this way [25, 37, 47] . However, L. littorea densities in algal packaging materials are relatively low and consist of a range of sizes corresponding to those found in the New England intertidal habitats where Ascophyllum is collected, making this an unlikely vector for the large, concentrated populations of uniformly adult size described here (A. Chang, A. Blakeslee, W. Miller, G.Ruiz, pers. obs.). Nevertheless, because this vector is still active, small numbers of individuals may be introduced this way.
Why has Littorina littorea failed to establish selfsustaining populations on the West Coast?
Littorina littorea is considered a failed invader of the West Coast despite a long history of successful transport from the Atlantic Coast and seemingly favorable climatic matching between the Atlantic and the West Coast [45] . We argue that the snail's most significant barriers to successful establishment on the West Coast are related to reproduction and recruitment. L. littorea likely had many opportunities to reproduce in the populations described here, given that numerous individuals in reproductive condition were found congregated together and could have been present for months to years prior to removal. The presence of vast rocky substrate and less extreme temperature regimes than those occurring in the snail's north Atlantic habitats suggest that physical environmental factors should not prevent its establishment or subsequent spread across much of the Pacific Coast of North America.
However, Wells (1965) [48] suggested that high water temperatures might limit L. littorea 's spread in the Atlantic, noting that its southern latitudinal limit on the East Coast and European shores occurred where the summer monthly mean water temperature reaches at least 21uC. Although the highest monthly mean water temperatures outside embayments on the temperate Pacific Coast are typically much lower than this, regional climatic variation produces monthly mean water temperatures in excess of [51] . Broadcast spawners such as L. littorea may also be more likely to experience Allee effects than brooding and capsule-laying snails when introduced to a new location [8, 22, 45] . This explanation has been invoked for the absence of L. littorea in certain European locations where its congener L. saxatilis (which has crawl-away larvae) is established [22] . Johannesson (1988) [22] suggested that although both L. saxatilis and L. littorea could disperse equally well via crawling, rafting, and wave transport, L. saxatilis has an advantage in retaining its place in new locations because its crawl-away larvae allow swift colonization of new areas in some abundance, whereas L. littorea would need to rely on repeated transport of its planktonic larvae to new locations in order to establish a foothold. Similarly, in West Coast populations of L. littorea, larvae released into the water column may end up settling in locations far from congregated populations of the snail-thus impeding the creation of self-sustaining, established populations in this region. However, it is also possible that such Allee effects may be counteracted by greater propagule pressure due to continued operation of vectors including the live seafood trade that actively select and transport large numbers of adult L. littorea to the Pacific Coast, especially if introduced to a region in sufficient quantities in conditions favorable to reproduction and larval retention.
Conclusions
We have taken advantage of a rare opportunity to document the genetic and demographic signatures of several newly discovered populations of a non-native species at a very early stage of invasion, specifically prior to successful establishment of selfsustaining populations. We used these signatures to infer the likely vector and source region of West Coast populations of Littorina littorea, revealing several important facets of the invasion process and the probable signature of live trade vectors on the resulting introduced populations. First, the transport of large individuals rather than larvae or juveniles, combined with an apparent absence of recruitment, probably resulted in populations with an unusual size structure consisting only of adults. A consequence of this preferential transport of adults could be an enhanced risk of introducing associated parasites and diseases [52] since parasite loads of gastropods, and specifically L. littorea, increase with age (which is correlated with size) [53] . Second, the genetic diversity of West Coast L. littorea described here was not significantly reduced compared to its putative East Coast source. This is likely due, at least in part, to the homogeneous genetic structure across East Coast populations, as well as the lack of evolutionary processes in the non-established West Coast populations that might otherwise act to lower diversity. Third, local climatic variation can significantly impact the likelihood of invasion success and may have been responsible for the failure of West Coast L. littorea invasions. Since the numerous vectors delivering L. littorea to West Coast shorelines operate over a much larger region than the local areas with apparently unfavorably high temperatures where these populations were found, continued introductions to other areas may well result in successful invasion. Subsequent introductions may also serve to reduce the impact that Allee effects may be having on these West Coast populations. Finally, live seafood trade vectors deliver large numbers of adults of many species in good condition, providing unique opportunities for invasion. Control measures are crucial to reducing the risks posed by these vectors, especially since this trade is predicted to increase with growing worldwide demand for aquaculture [54] . The ongoing operation of this and other vectors is highlighted by recent discoveries -in greater numbers than ever found before -of the northern Atlantic periwinkle Littorina littorea in the already highly invaded San Francisco and Anaheim Bays.
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Appendix S1 Total number of haplotypes (HAP) found in the East Coast (EC) and West Coast (WC) of North America and all European haplotypes. Total numbers (N) for each site are at the bottom and haplotype frequencies (Overall, WC, EC, and EUR) are in the right most columns. Location refers to regions in which haplotypes were found. Site abbreviations correspond to those in Table 2 .
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Appendix S2 Total number of haplotypes (HAP) found in the East Coast (EC) and West Coast (WC) of North America and those haplotypes that are also shared with Europe (EU*). Total numbers (N) for each site are at the bottom and haplotype frequencies (Overall, EU*, EC, WC, and EC & WC) are in the right most columns. *Only European haplotypes that are shared with North American haplotypes are included here; there are an additional 104 haplotypes from 146 individuals found just in Europe (see Appendix S1). Location refers to regions in which haplotypes were found. Site abbreviations correspond to those in Table 2.  (XLS) 
